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High speed tangential flow over open cavities (e.g.

aircraft weapon bays) can invoke large pressure oscillations

3 within the cavity. These large oscillations can damage the

cavity structure as well as items placed within the cavity..

Previous experiments have investigated the effectiveness of "

several passive-type suppression methods with modest

success. However, the effectiveness of a particular

3 suppression device was usually Mach number dependent. The

purpose of this experiment was to evaluate the effectiveness

3 of using active-type suppression methods, and comparing with

passive-type, in an attempt to find a design that was not

Mach number dependent.
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3 AFIT/GAE/ENY/89D-32

3 Large pressure oscillations are enerated by high speed

tangential flow over an open cavity. The purpose of this

U experimental study was to determine the effectiveness of

£ suppressing pressure oscillations by manipulating the shear

layer over a two-dimensional cavity with a length-to-depth

SI ratio of two. Two methods, a frequency controllable control

surface (fence) and pulsating aecondary airflow at the

U icavity leading edge, were used to manipulate the shear

3 layer. The suppression effectiveness of the fence utilized

in both passive and active nodes (zero to 120 Hz) was

3 evaluated at six airflow Mach numbers (0.62, 0.76, 0.90,

1.07, 1.28, 1.53). The effectiveness of pulsating secondary

U airflow was evaluated at one airflow Mach number (1.28) and

3 Btwo flow injection angles (parallel and 45 degrees to the

flow) at frequencies ranging from zero to 80 Hz. The effect

3 of steady flow injection was also evaluated at mass flow

rates per unit width ranging from 0.323 to 1.27
I (lba/sec/ft).

3 Pressure recordings from within the cavity veze made

for each test.. A narrow band Fourier analysis of these

3 recordings produced plots of the sound pressure level

amplitude versus frequency. Schlieren photographs of the

I
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5 flow were also taken for each test to observe the shear and

I determine the cavity Mach number.

-The effcctiveness of a pulsating fence in suppressing

the peak mode pressure oscillations proved to be less than

that achievable with the fence static. However, due to

Smechanical restrictions of the model design, the maximum

frequency was limited to only 120 Hz, an order of magnitude

Sbalow ccvity resonant frequencies.

I 2'rhe pulsed secondary flow injection technique was most

effect've when •ul-ed at a 45 degree angle to the external

flow. but less effective than that achievable with steady 45

degrae Ilow injection. However, the pulsed secondary flow

suppressior4 raetnod w. not effectively evaluated since

3 isubstatitial decrease in pulse amplitude occurred with small

frequency increase,-. Recommend aciitional tcbting be

1 accomplished to evaluata the effectiveness of both these

methods at higher fzequencies.

II
I
I
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3 EXPERIMENTAL INVESTIGATION TO SUPPRESS FLOW-INDUCED

PRESSURE OSCILLATIONS IN OPEN CAVITIES

1 1. Introduction

5 The presence of a cavity in a surface exposed to high

speed tangential airflow can create high level pressure

ft oscillations vithin the cavity. These oscillations can be

large enough to affect the structural integrity of the

U cavity and its surrounding structure due to sonic fatigue as

ftwell as adversely affecting the items carried within the

cavity. If, for example, the cavity is an aircraft weapon

m bay, the oscillations could produce failure of store

restraint and release mechanisms, as vell as damage

I sensitive items within stores; in addition, these oscilla-

If tions can also affect store separation from the aircraft

(1:1).

3 There have been numerous experiments and analyses

investigating different aspects of flow over a cavity. One

I of the earliest experiments was carried out by Karamcheti in

3 1955. Karamcheti noted that the intensities of the pressure

oscillations were higher when the boundary layer upstream of

3 the cavity was laminar rather than turbulent (2:5). Over

the past 34 years, the amount of research done on cavities

I is far too numerous to adequately address in this thesis.I
1-13
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U However, an excellent survey of flow over cavities was

3 compiled by Komerath, Ahuja, and Chambers (3). The concepts

covered in this survey include: Classification of flows

over cavities, observed phenomena, prediction methods,

suppression techniques, and current work as of 1986.

QUe±ive

3 The purpose of this experimental investigation was to

determine the effectiveness of suppressing pressure

oscillations by manipulating the shear layer of a high speed

3 tangential flow over a two-dimensional rectangular cavity.

To manipulate the shear layer, two suppression techniques (a

3 static/pulsating fence and steady/pulsating secondary flow

injection at the cavity leading edge) were utilized.

I The rectangular cavity considered in this investigation

3 had a length-to-depth (L/D) ratio of two and is shown In

Figure 1-1. The two suppression methods investigated

Sincluded a static/pulsating fence and steady/pulsating

secondary flow injection both at the cavity leading edge.

The pulsating fence was evaluated for a range of

3 •frequencies from zero to 120 Hz at six airflow Mach numbers.

One convergent nozzle was used for subsonic flow conditions

3(M = 0.60, 0.75, and 0.90) and three converging-diverging

nozzles were used for supersonic flow conditions (M = 1.10,

1.35, 1.70). In addition to dynamic testing with the fence,

I
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I
I

LEAD~ING TRAILING

I

I
Figure 1-i. Cavity Geometry And Nomenclature

I
runs were also conducted using a variable height stat~c

I fence.

I The pulsating secondary flow injection suppression

method was evaluated for a range of frequencies from zero to3 80 Hz, at two flow injection angles (parallel and 45 degrees

i ~to the flow), and at one airflow Mach number (N 1.28).

Steady flow injection was also evaluated at M = 1.28 with3 mass flow rates per unit width ranging from 0.323 to 1.420

lbm/see/ft.

I A schlieren photograph of the flow field in and above

3 the cavity was taken for each data point to observe and

I
1-3
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5 document the behavior of the shear layer. In addition, for

supersonic flow conditions the schlieren photograph was used

3 to determine the flow Mach number at the cavity.

Dynamic pressure measurements of the cavity oscillations

were recorded at discrete time intervals using dynamic

3 pressure transducers mounted flush on the side walls of the

cavity. This time dependent data was converted to the

3 frequency domain using a Fourier transform routine. This

provided plots of dynamic pressure amplitude as a function

I of cavity oscillation frequency.

A
B
I
I
I
I
B
I
I
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3 Flow Dimension

Experimental studies by Covert (4:2) and Charwat (5:457)

indicate that spanwise flow has no significant influence on

cavity pressure oscillations. They found that the free-

stream flow direction dominates the internal cavity flow so

3 strongly that three-dimensional effects are restricted to

small perturbations in the dominant flow direction.

Therefore this study will address flow over a cavity as two-

I dimensional.

Classlification of Flows

Cavity flows can be categorized as either open or closed

5 types. Charwat, et al (5:458) referred to a flow as being

"open" when the separated shear layer spans the cavity,

I Figure 2-1, and "closed" when the separated shear layer

3 reattaches to the cavity floor, Figure 2-2. For supersonic

speeds and for subsonic speeds with turbulent boundary

3 layers, closed cavities are found to have a length-to-depth

(L/D) ratio of 11 or greater (5:459). Sarohia (6) showed

i for subsonic speeds with a laminar boundary layer that

3 closed cavities occurred when the L/D ratio was

approximately seven or greater. The unsteadiness associated

5 with closed cavity flow is predominantly random and does not

exhibit periodic pressure oscillations. Therefore the focus

i of this test was on an open cavity configuration. .ls 1

2
2-13
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FLOW SHEAR

"POINT

Figure 2-1. Two-Dimensional Open Cavity Flow

I
!

SHA",- LAYEh-R

I

Figure 2-2. Two-Dimensional Closed Cavity Flow

I 2-2
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S~ Classificaton of Cavities

Cavity geometry has been shown to be an important

variable determining the type of response caused by flow

over a cavity. A cavity may be considered "deep" if L/D < 1

I and "shallow" if L/D > 1. A deep cavity will respond

3 somewhat like an acoustic resonator driven in the depth

direction with the oscillatory energy being supplied by the

5 shear layer above the cavity. A shallow cavity, on the

other hand, is driven in the length or streamvise direction

1 (1:2). In this experiment, emphasis was only on a shallow

cavity with L/D = 2.

Oscillation Process

Large pressure oscillations are generated by tangential

3 flow over an open cavity. These flow-induced pressure

oscillations are a result of the interaction of the free-

3 stream shear layer and the medium within the cavity

g involving both acoustic and hydrodynamic mechanisms (7:2).

As water table visualization techniques (7 - 9) indicate,

5 the unsteady motion of the shear layer above the cavity

results in mass addition and removal at the cavity trailing

ft edge. In shallow cavities this mass addition and removal

process is similar to that of a cavity whose rear bulk head

acts like an oscillating piston (8:10). Heller and Bliss

5 referred to this as the "pseudopiston" effect which is

illustrated in Figure 2-3. A summary of their detailed

3 discussion of the mechanisms involved follows (8:10-14).

22-3
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II / Y 'O OPISTON

Figure 2-3. Simple Analytical Cavity Model (8:37)

SThe pseudopiston effect generates forward traveling

waves in the cavity that are eventually reflected by the

forward bulkhead and thus become rearward traveling waves.

5 These traveling waves force the shear layer in an unsteady

manner resulting in the mass addition/removal process that

5 produces the cavity wave structure, thus closing the

feedback loop. Energy to sustain this process is provided

by the external flow (8:10). Figure 2-4, as illustrated by

i Heller and Bliss (8), depicts a typical oscillation cycle.

Of the 18 sketches shown, six stages (by lettered row) are

5 used to explain the cycle.

2
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3 PFgure 2-4. Typical Pressure Oscillation Cycle (8:12)

£ 2-5



i In the first stage of the cycle (A) a pressure wave from

a previous disturbance is reflected off the forward bulkhead

l while the wave previous to it approaches the rear bulkhead

causing the shear layer to bulge and expel fluid. As the

I shear layer waveform and forward reflected wave moves

l rearward (Stage B), the shear layer begins to interact with

the cavity trailing edge and fluid is added back into the

cavity initiating the next compression wave. While the

forward wave continues rearward the shear layer dips lower

l into the cavity (Stage C), adding more fluid, and fully

I forming the rearward traveling compression wave. The

rearward and forward traveling waves meet and interact near

the cavity center (Stage D) and continue in their respective

directions. The top part of the forvard traveling wave

enters the supersonic flov (Stage 8), causing it to be

3 tipped more than the external flow Mach angle while the

rearward traveling vave, moving at subsonic relative speed,

3 does not extend beyond the shear layer. As the rearvard

wave approaches the rean cavity bulkhead the shear layer

once again begins to expel fluid (Stage F). The next stage

of the process is the same as Stage A, and the oscillation

cycle repeats (8:1O-14).

i This oscillation cycle applies to free-stream supersonic

flows. However, the wave structure of the cycle for a

ossubsonic flow is essentially the same. In fact, the forward

5 2-6



5 traveling wave will still be supermen:= relative to the

external flow (8:13).

Resonant Freauencies

5 Based on experiments, Rossiter •i) developed an

acoustic feedback mechanism to model flow over a cavity

based on the shedding of periodic vortices at the front lip

of the cavity. These vortices are a result of the arrival

of an acoustic wave radiated from an acoustic source near or

5 iat the rear lip of the cavity. The acoustic source, in

turn, is a result of the vortices shed from the front lip

1 i(1:7). Based on this model Rossiter proposed the following

semiempirical relationship fo.o the non-dimensional cavity

resonant frequency, StrouhL. number:

S fL= m (1)

SUC M + I

where m Is any positive integer and corresponds to the

3 frequency mode number, a is an empirical constant that takes

I into account the phase difference between the upstream

arrival of che acoustic wave and the subsequent shedding of

f 'Ia vortex, and K. is also an empirical constant tied to a

g disturbance convection speed (1:34). Rossiter determined

the value for a = 0.25 and K. = 0.57.

5 IRossiter's formula assumes that the speed of sound in

the cavity is equa1 to the speed of sound of the free-

I stream. This is oquivalent to assuming the cavity

2I
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5 !temperature recovery factor io equal to zero. Heller,

et al in their experiments determined the actual recovery

factor to be equal to unity. Therefore, the speed of sound

51 in the cavity is equal to the free-stream stagnation speed

of sound. Consequently, Heller, et al proposed a

modification to Rossiter's equation utilizing the stagnation

speed of sound (1:34):

S*= fL = m a . (2)t' UO M

Oscillation SuDpression

P'revious studies have shown that pressure oscillation

3 amplitudes can be reduced if the shear layer can be

stabilized so as to prevent the mass addition and removal

3 process at the cavity trailing edge. Several experimental-

ists (9; 1i; 12) have evaluated different passive-type

methods of stabilizing the shear layer with modest results.

However, the effectiveness of any particular suppression

device was usually Mach number dependent. Since it has been

Im shown that the cavity pressure oscillations tend towards

resonance at discrete frequencies for a given flow

condition, it was ,)eculated that perhaps the shear layer

I could be forced at a frequency different from the resonant

frequencies or at some sub-multiple of the resonant

3 !frequency with a phase change. Due to complexities

2
2 -B

I



3 involved, the latter vas not evaluated as part of this

I effort.

i

I
I
I
I
i
I
I
I
I
I
I
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liii. Experimental Equipment

Test Section Assembly

The test section, shown in Figure 3-1, consisted of a

I two-dimensional nozzle assembly attached to a flat surface

I with a rectangular cut-out (cavity) sandwiched between two

pieces of 0.75 inch thick clear Plexiglas. The nozzle

assembly and the surface containing the cavity were machined

from 5/16 inch thick aluminum. Paper gasket material was

I applied to all aluminum assemblies to prevent leakage. The

sandwiched assembly was bolted to a base plate and mounted

on a calming chamber.

Four nozzle assemblies were designed to provide the

desired flow conditions. One subsonic nozzle assembly

I incorporating a smooth converging curve was used for M =

1 0.60, 0.75, and 0.90 flow conditions. Three supersonic

converging-diverging nozzle assemblies designed for M =

1.10, 1.35, and 1.70 flow conditions were developed using

Isentropic relations and an iterative scheme incorporating

I the method of characteristics. The exit area of each nozzle

* assembly was identical to allow interchangeability of the

nozzles with the surface/cavity assembly. Since the

5 geometry of the nozzles was designed to have fully expanded

flow (i.e. Pexit = Patm) when the desired flow condition was

reached, each nozzle assembly was fitted with a static

pressure port at the exit.

3 3-1I
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II
The nozzles accelerated and directed the flow tangent

over a flat surface containing a rectangular cut-out,

representing the cavity, positioned two inches downstream of

the nozzle exit (Figure 3-2). The cavity depth was fixed at

I one inch while the length was adjusted by inserting or

removing blocks that made up the rear bulkhead of the

cavity. Cavity lengths of two, three, and 4¼ inches were

possible. However, only a cavity with a length of two

inches was evaluated. Four static pressure ports, equally

I spaced, were located along the cavity floor.

I

i

I
I
i
I
I

Figure 3-2. Nozzle and Cavity Assembly

I
i
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II
3 The flat surface from the nozzle exit to the cavity

leading edge housed the suppression mechanisms. Figure 3-3

illustrates the design for the pulsing fence mechanism. As

shown, the fence is a solid rectangular thin piece of metal

I attached to a spring loaded pin, driven by hexagonal cam.

3 The cam was coupled to a rheostat controlled 24 volt D.C.

motor with a belt as shown in Figure 3-4. To measure the

frequency of the pulsation, holes were drilled at each peak

of the cam and a light source directed light through the cam

I and on to a photoresistive cell connected to a frequency

3 counter. The pulsing fence mechanism with the spring and

cam removed was also used for the variable height static

* fence investigation.

Two designs were evaluated for the pulsed secondary flow

I injection suppression technique. The first design, Figure

1 3-5, allowed flow injection at an angle of 45 degrees to the

external flow at the cavity leading edge. The second

Sdesign, Figure 2-6, allowed flow injection parallel to the

external flow and 0.020 inch below the cavity leading edge.

I Both nozzle designs were supplied secondary flow via a motor

3 controlled valve. The valve, shown in Figure 3-7, was a

ball type valve whose shaft was connected via a gear box to

the D.C. motor described above. A grease fitting was also

added to the valve for lubrication.

The clear Plexiglas side panels not only allowed for

I flow visualization, but were also used to position the

I
3-4

I



I

AIF
1\'Z

I "I

* It

, !I

I CA o

Figure 3-3. Pulsing Fence Mechanism

dynamic pressure transducers flush on the side wall of the

3 cavity. Figure 3-8 shows the relation of those positions

relative to the cavtty. In addition, pins extending through

I the aluminum assemblies into the Plexiglas were used to

ensure precise alignment of components.

I
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FLOW

1 -- 4INJECTION

NOZZLE

SFLOW
NOZZLE

IU
SECONDARY

* ~FLOW 7
Figure 3-5. 45 Degree Flow Injection Assembly'

I FLOW~-4

I NJECTI ON

NOZZLE

FLOW3 ~NOZ ZLE

i ~SECONDARY .

I FLOW

3 Figure 3-6. Parallel Flow Injection Assembly
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Figure 3-7. Photograph of Ball Valve with Motor

I FLOW

0 0 0

I o.I"f. I REAR BULKHEAD
-- ---•- SPACERS

t 2.0"1

I 3Figure 3-8. Pressure Transducer Cavity Positions
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1
Air Suonly System

Compressed air was supplied from two compressors each

capable of supplying 0.50 lbm/sec of air at approximately 90

psig. The compressed air was first run through a drier to

I remove any moisture and then through a filter to remove any

particles that could have scratched the Plexiglas. After

the filter, the air was routed through a three-inch, high-

pressure hose to a straight pipe assembly containing a

thermocouple and flange where an orifice was inserted.

I Upstream static pressure and differential pressure across

Sthe orifice were recorded for each run to calculate ma:s

flow rate. From the orifice, the air was piped to a dome

3 valve that was used to regulate the supply pressure. The

air was then run into the calming chamber where static

pressure (assumed to be the stagnation pressure) was

3 measured. Inside the calming chamber a second filter was in

place to trap any remaining particles prior to entering the

3 test section assembly. Figure 3-9 contains a photograph of

the test section assembly mounted on the calming chamber.

Instrumentation

3 p~gsure Measurement. Figure 3-10 contains a schematic

of the instrumentation. Sound pressure measurements within

the cavity were taken with three Endevco Model 8506

piezoresistive dynamic pressure transducers. Signal

conditioning and amplification was accomplished with three

I Endevco Model 4423 signal conditioners powered by a single

I
3-9
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I Figure �-9. Photograph of Test Section

Hounted on Calming Chamber
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I

ENDEVCO 8506II PRESSURE TRANSDUCERS

DIFFERENTIAL PRESSURE
, rTRANSDUCER

3ENDEYCO 4423 0 0

SIGNAL CONDITIONERS

ENDEVCO 4225 TEKTRONIX PS503A3POWER SUPPLY POWER SUPPLY

= • ANALOG TO DIGITALi
I L ~CONVERTER

Figure 3-10. Schematic of the Instrumentation3

I
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I
3I Endevco Model 4225 Power Supply. The three conditioned and

amplified signals were intezfaced with a Zenith Model Z-248

3g personal computer through a Qua Tech Model ADM12-11 twelve

bit analog to digital converter module and stored in integer

I data files.

3 BStatic piessure within the calming chamber was measured

with an Endevco Model 8530 piezoresistive pressure

transducer powered by a Tektronix Model PS503A D.C. Power

Supply ard read on a Hewlett Packard Model 3466A Digital

StMultimeter. Static pressures at the nozzle exit and cavity

3 ifloor were measured with a bank of U-tube mercury manometers

with one side open to the atmosphere.

"Flow Visualization. A schlieren optical system was set

up as shcwn in.Figure 3-11. This system used a spark lamp

with a spark duration of approximately 1/6 microsecond,

I ienabling a photograph to be taken showing the shear layer,

Mach lines, and shock waves for each cavity run.

3

-I

I
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* PARABOLIC MIRROR

I /--I *
$PARK LAMP

3 TEST SECTION

KNIFE EDGE

U PARABOLIC MIRROR

3 lFigure 3-11. Schematic of the Schtleren Setup
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3 IIV. Experimental Procedures

All pressure transducers were calibrated statically

SI using a dead weight calibrator. This provided an overall

3 Isensitivity value (mV/psi), incorporating transducer and

amplifier as a system, for each channel. The particular

3 ltransducers used to measure sound pressure level were also

tested dynamically to verify applicability of static

-- calibration for dynamic measurements using a Larson-Davis

3 iModel CA250 Precision Calibrator. This calibrator produced

a 114.0 dB 250 Hz level output signal. This dynamic test

3 was also used to verify operation of the data collection

equipment as well as post processing algorithms.

Flow Condition Determination

To determine the required pressure for a desired flow

Mach number, the air flow supply valve was opened and the

delivery pressure was modulated with a dome valve (pressure

regulator) until the nozzle exit pressure stabilized to

atmospheric pressure. Measurement of the Mach angle from a

3 schlieren photograph of this flow condition showed a

consistently lover nozzle exit Mach number than the nozzle

design condition. This was mainly attributed to boundary

3 layer growth that was not accounted for during nozzle

desiqn. Therefore, the supply pressure was increased to

U improve the flow over the cavity. This supply pressure was

I



I then used for all subsequent runs at that flow condition.

3 For subsonic runs, mass flow rate, as calculated from

differential pressure measured across a known orifice area

3 (13:197-210), was used to determine the pressure required

for a desired flow test condition.

Data Acauisition

3 After adjusting to the required supply pressure for a

given flow condition, the reading obtained from a pressure

transducer in the calming chamber was monitored to ensure

3 steady state repeatable flow conditions. Upon achieving the

desired pressure, data sampling was initiated. Data from

I the cavity pressure transducers were sampled at a rate of

29,917 Hz and stored as an integer data file. Due to

computer array size limitations, only 2,048 data points, per

5 channel, could be sampled. In addition to recording sound

pressure levels, a fourth channel was used to measure either

3 differential pressure across the orifice meter or dynamic

pressure amplitude at the entrance of the secondary flow

injection nozzle. While the four channels of data were

3 being written to a data file, flow temperature, calming

chamber pressure, nozzle exit pressure, ind cavity floor

I static pressures were recorded. For flow visualization, a

schlieren photograph was also taken.

4
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3 .Data Reduction

Since the raw data file was a discretely sampled,

3 integer valued, digitized representation of an analog

g1 signal, the digitized data had to be first converted from an

integer bit value to a voltage. The voltage was then

- Iconverted to pressure amplitude by dividing by the

"applicable sensitivity value determined during calibration.

_ This resulted in discretely sampled pressure data. This

pressure data was then processed using a Fast Fourier

Transform (FFT) algorithm (14:381-396). This provided data

3 of pressure amplitude (psi) versus discrete frequency (Hz).

The pressure amplitude values were then converted to

S...decibels (dB) using the following equation:

3 Sound Pressure Level (SPL) P 20 logl 0 Prms dB (3)
Pref

I where Pref = 2.9 x 10-9 psi rms is the statistical

3 I "threshold of hearing" for the human ear. This SPL versus

frequency data was plotted using a graphics program written

Z 1by Golden Software, Inc., called Grapher. A representative

plot Is shown in Figure 4-1. As indicated in this plot, the

S..first three modes corresponding to the modified Rossiter's

3 1equation (2) are clearly evident.

Data Analysis and Comparison

To determine the suppression effectiveness for a given

5 run configutation, a baseline (to be used for comparison)

4-3



"was established for each configuration and flow condition

tested. The baseline data sets were generated by averaging

3 the SPL amplitude (dB), for each discrete frequency, of at

least five runs at identical flow conditions without the

suppression device. A sample plot of the averaged data for

3 the same flow condition and configuration used in Figure

4-1, is shown in Figure 4-2. As a comparison between these

3 figures indicate, the averaged data had much less variation

between discrete frequencies except at specific modes.

Averaging the amplitudes for the baseline data set

3 Iworked well, but the variation between sample data points

was unknown. Therefore, a sample standard deviation (a) was

3I computed for each discrete frequency using the following

equation:

N_ 1/2

E (sPLi sPL)'
J= i1 (4)

I N -1

where N is the number of samples used to compute a

particular baseline data set. If a normal distribution is

assumed for the variation of the data points, then 68

percent of the data points will be within t 1 a of the

I sample average and 95 percent of the data points will be

within ± 2 a of the sample average. Due to the signifi-

cantly higher percentage, ± 2 a was used to estimate the

3 Ivariation of the data. To facilitate visualization of this

I
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MACH = 1.7 NOZZLE

RUN 0448 (15 Hz BANDWIDTH)
180- CAVITY POSITION I

mode 10-02-1989

170 modes

-160

z(Hz

J~ 15I0,

3 Figure 4-i. Sample Pressure Oscillation Plot~

I
MACH - 1.70 NOZZLE. AV•G DtAT

J ~CONFIG: M1-7O8. 6 SAMPLES
180 CAVITY POSITION 1

10--03- 1989 (15 Hz BAND)WIDTH)

1370

3" 130,

0

10-

110-

IAV.ERACE LL•. I= 1.9 dB... 0 2000 4000 6000 8000 10000

FRECQENCY (Hz)

Figure 4-2. Sample Average Osaellne Data Plot

I
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3 Ivariation, plots of the average data ± 2 a were also

generated for each of the baseline data sets. Samples of

3 these are shown in Figures 4-3 and 4-4.

These baseline plots (average data, and average 1 2 a)

provided a qualitative method to compare the effectiveness

3 of a particular suppression device. But with a large number

of runs, a quantitative type method was required to provide

3 the experimenter with a quick estimate of the suppression

effectiveness of a particular run. Therefore, an algorithm

was developed that compared by frequency the 25 peak

31 amplitudes of the baseline data set with the corresponding

amplitudes of the current run. However, since quite often

ft the suppression device caused a frequency shift of a mode to

the next discrete frequency interval, this comparison alone

was somewhat misleading. Consequently, the 25 peak

amplitudes of the current run and the corresponding baseline

data set amplitudes were added to the comparison. A sample

printout of the resulting comparison (25 peak amplitudes of

the baseline data set and 25 peak amplitudes of the current

run) is provided in Table 4-I.

3 The 25 peak amplitude comparison was very useful for

evaluating, over a large spectrum of pressure oscillation

-- frequencies, the suppression effectiveness of a particular

configuration. However, since one mode usually had a much

higher amplitude than any other mode, and keeping in mind

31 the logarithmic scale for decibels, reduction of this peak
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MACH = 1.70 NOZZLE, AVG+2*SIGMA
CONFIG: M1-706. 6 SAMPLES

185- CAVITY POSITION 1
0-03-1989 (15 Hz BANDWIDTH)

170

S160

3.150

)v 140-

0.
0130-z

D

-- w 120 o
110-

I AVERAGE LEVEL = 149 dB
60 .. 2000 ... 00 000 ii000 '10000

FREQUENCY (Hz)

Figure 4-3. Sample Average + 2 o Baseline Data Plot

MACH = 1.70 NOZZLE, AVG-2*SIGMA
CONFIG: M1-709. 6 SAMPLES

=- 180- CAVITY POSITION I
10-03-1989 (15 Hz BANDWIDTH)3 170-

160-

- 150-

) 140.

a:.130'

1210

AVERAGE LEVEL 1 '28 d8

-- - q I 2000 4000 6000 800 "1O00
FREOUENCY (Hr)

Figure 4-4. Sample Average - 2 a Baseline Data Plot

4
- *: 4-7



I
Table 4-I. Sample 25 Peak Amplitude Comparison Printout

5 M4CH - 1. 7 NOZZLE

RUN 04,40 10--O3--1989

0COMPARISON W.JITI-4 M1-70B 6 5. SAMPL.E;)

(15 Hz BANDWIDTH)

MAX I SAMPLE DATA I R U N D A T A
AMPLIAVG SPL dB ISTD DEV.SIGIAVG-2*SIGMAIACT SPL dB I DIF W\AVG IDIF W\-2SIG
MODEICAVITY POS ICAVZTY POS ICAVITY POS ICAVITY POS ICAVITY POS ICAVITY POS
FREQ! I a 3 1 2 3 1 a 3 1 a a 1 1 a 3 1 1 2

21911177 163 17;!.1 1 -1174 161 7 751176 163 1771 -0 -1 2 I 3
22201166 1i3 1671 3 2 31160 149 1611162 153 1641 -4 -1 -31 2 4 3
18991162 148 1631 1 2 11160 143 162-163 152 1631 0 3 -11 2 8 1
10961159 154 1601 1 2 11157 151 1581160 153 1581 . -1 -a a 2 0
21621!59 147 1601 7 6 81144 135 1441164 151 1651 6 4 51 22 16 a1
24981158 145 1521 2 3 31154 139 1531160 145 1611 2 0 2! 6 5 8
43821157 163 1581 6 5 61146 154 1471147 154 1471-10 -9 -10! 1 1 1
22501157 146 1581 5 3 41146 139 1501158 148 1591 2 2 1! 13 9
21331156 137 1551 3 8 41149 121 1461158 145 1591 3 8 41 9 24 13
27901155 144 1561 1 2 11153 140 1541'57 141 i56! 1 -3 1! 4 1 3
16071154 143 154! 2 3 3115e 138 1491155 143 154! 0 0 -1! 4 G .3
65741154 155 1541 2 2 51150 151 1441155 154 156! 1 -1 3! 5 3 13
20741153 136 1541 2 11 21150 114 1491153 116 1541 -1 -20 0! 3 1 5
379811S3 151 1461 2 1 31148 i5O 1401155 152 1501 2 1 41 6 3 3
36321153 141 1351 5 4 31143 132 1281145 142 1341 -8 1 -11 3 10 6
13001152 136 15&1 2 9 11148 118 1501153 137 152! 0 0 -11 5 18 -
35641152 136 1381 3 3 4 146 130 1311151 131 1421 -1 -4 3! 5 1 1:
22791152 140 1531 4 3 41145 134 1441156 138 157! 4 -1 41 11 5 1.3
21041152 142 1541 8 2 81137 137 1371150 140 1531 -2 -2 -1! 13 3 Ib
36811152 140 148! 3 4 21145 131 1441132 140 145! 1 0 -3 7 9 1
3287115a 15t 1441 3 3 61145 150 1321150 153 1381 -1 -Z -51 5 3 7
40901132 158 153i 3 2 21146 154 1481147 157 1521 -4 -1 -1! 1 3
43531152 158 1531 5 3 2114a 151 1491150 156 151! -2 -1 -a! 8 5

44121151 158 1531 6 4 41140 150 1461141 154 1481-10 -3 -6! 1 5
36081151 140 1361 1 6 41149 120 1281151 138 132! 0 -1 -41 2 10 5
- - - -- I ----------- I ------------ I ----------- I ----------- I ------------ I-----------
21911177 163 1/81 1 1 11174 161 1751176 163 177! -1 -0 -11 2 a 2
21621159 147 16O! 7 6 81144 135 1441164 151 1651 6 4 5! 20 16 Z1
18991162 148 1631 1 2 11160 143 1621163 152 1631 0 3 -I1 a 8 1
•2201166 153 1671 3 2 31160 149 1611162 153 164! -4 -1 -! 2 4 3

43971156 162 157! 7 7 6114a 148 145116a 167 1631 6 6 5I 20 19 18
10961159 154 160! 1 2 11157 151 1581160 153 1581 1 -1 -Z1 2 z 0
24981158 145 159! Z 3 31154 139 1531160 145 1611 2 6 5 !
22501157 146 158! 5 3 41146 139 1501158 148 159i 2 2 31 13 3 ?
21331156 137 1551 3 8 41149 141 1461158 145 1591 3 8 41 9 24 1.
353211148 143 1321 7 3 51134 136 1231157 143 1371 9 -0 5 23 6 1;
35941150 143 1351 6 5 41138 134 1271157 142 13'1 6 -1 -31 19 9 5I7901155 144 156! 1 Z 11153 140 13541157 14! 156! 1 -3 11 4 1 i
46891148 153 146! 5 a 91138 148 1281156 153 1521 8 2 61 18 5 2'
33581147 141 1191 5 4 41137 133 13!1356 145 133! 9 4 -41 19 1,2
2U791152 14- 153! 4 3 41145 134 1441156 138 1571 1 -1 41 11 5Z

65741154 IS2 1541 2 2 51150 151 1441155 254 1561 1 -1 31 5 3 13
41631148 146 1451 4 5 41140 136 1361155 141 1461 7 -f Ii 15 5 10
37981153 151 1461 2 1 31148 150 1401155 15a 1501 2 I 41 6 3
16071154 143 1541 Z 3 31150 138 1491155 143 1541 0 0 -II 4 639151450 140 1371 4 3 31143 334 1311153 143 1391 4 3 I 1 9
43681151 159 1551 9 5 51134 15@ 14S1154 162 |5681 3 3 41 21 I 14 |

106641146 145 15%11 7 9 9113Z 1.! 13Z15 14 516 5 812 12

23081149 14 1511 1 4 41131 134 14U3'15 13 1!-51 S -I 2 4 ,

35 1In,5 137 235! 5 5 71141 12?7 1211153 129 1311 3 -d -I 13 2 1
PEg,•

MODE
AVG, I155 2t 7 1531 t 4 !1 . t 145:156 1'7 153! 2 -0 II 7

-I.------------ I------------I----------- --- ---- -.---- I ----------- I ----------
ALL
MOMEAVGtt139 143 1401 5 5 5'l22 :33 lIZ 139 143 139' -0 -0 -11 14 10 1 i'

I
U
I
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mode was most crucial. Therefore, a peak mode summary was

also generated from the run data. It compares the largest

5I peak amplitude of the current run with the average level of

the largest peak amplitudes of the baseline data set. This

I! comparison was done independently of the actual frequencies

g (i.e. 2,000 Hz amplitude compared with a 500 Hz amplitude).

Once again a sample standard deviation was calculated for

the single peak amplitude of the baseline data set and the

sample average minus 2 a was used for the comparison, A

I gsample of this printout is shown in Table 4-1I.

5 Resonant Frequency Comparison

The modified Rossiter equation for resonant frequency

discussed in Chapter III was used to estimate the resonant

frequencies. The modified Strouhal number equation is

repeated below for convenience:

I *=L + (2)

s (1+ (2)

u 1 M v

where f is the resonant frequency for the m'th mode. To

3 solve this equation, cavity Hach number is required. But

Mach number determination was not a straight forward task.

The nozzle design condition and nozzle pressure ratio

(Pexit/Po), often yielded different estimates of flow Mach

number.

9
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Table 4-Hl. Sample Peak Mode Summary PrintoutI

3 PERK MIODE S ULIMA R Y

CORPRZ*CN bTI- 4 MT--700 ( 7 Ss=4MPL.MsU)
I ~1 e--e6- 19 9

SAMSLE DATAs AVEPGE LEVEL (dB) 176.. 163.3 177.9
STANDAFR DEVIATION 1.4 1.0 1.3
AVER4,E FR=EJDCY 2191.2

1IWMX APLITUDE, 1st lM)I DIF W/I(AVG-2*SI0#fA)
RN I NOW ICAVITY POSITIONI CAVITY POSITION

NUMBVERI FFWV 1 2 3 1 1 a 3
uamww I EmsnW I
I419 1 191 1178 16,5 1"9 1 4.0 3.3 3.8042B 1 21911 175 162 1771 1.4 9.7 1.4
04381 2191 1 175 163 176 1 1.i 3.3 1.8
4 44B I 1911 176 18•3 17"71 1.9 1.5 1.9

6459 92191 1 178 165 178 1 3.6 3.3 3.30"8 I ZM 1 169 166 168 1 -5.3 4-e.8 -7.5
0479 1 3M 1 158 127 137 1 -16.4 -34.4 -37.7
0489 1 4163 1 166 128 137 f -14.3 -33.7 -38.5
049D f 191 1 177 163 178 1 E8 2.5 2.4
05 1 ,191 I 178 164 179 I 4.V e.9 4.;

"IS•1 I Z 1 173 161 173 1-1.1 "-0.4 -e.6
Me1 441 172 171 1711 -0. 4 16-I -4.0
"" 61 M 171 170 1 -Z.0.. 9.4 -5.2

0549 88a 171 17'0 17" 1 -3.6 8.6 -5.6

"59 1 SOP. 173 172 1711 -1.3 10.6 -3.9
0569 1 131 # tt71 i 16a 16 -3.4t 7.0 --f.9

I37 1T 2a49 1I15 134 132 1 -15, 6 -,27.2 -20*.8
0589l 1 263 1 66 146 26 10 -8.0 -15.3 1,

059 121911 178 164 179 .ii 4.4 3. II.1
fte 1 2550 1613 161 169 -3.9 -0.3 -6.6i 61B 1 n 168 Is*, 166 1-13.6 -1.4 -8.8
0629 5166 164 160 163 1-10.2 -1.5 -12.2
0)638 1 9%5 1 163 156 16a8 -19 . 7 -3,3 -7.6
0641 1 SSW 1 151 161 154 -17.3 -40.6 -2•1.2
065•B 1 :&39 1164 163 162-1 -10l.6 Z.,2 -13.6

06 593 163 160t 159 1-11.4 -0.9 -15.7
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Mach number could also be determined from the Mach

angle (g) measured in the schlieren photographs by the

following relation:

M =
SIN

IHowever, measurement of the Mach angle from the schlleren

photographs was not only difficult, but usually varied by

several degrees from picture to picture for identical flow

cnnditions. This was attributed to the very unsteady

behavior of the flow induced by the cavity.

I To improve Mach number estimation, tuo additional

I methods for calculating Rach number were incorporated. one

method used an atmospheric pressure ratio. Since the nozzle

exit piessure was usually slightly higher than atmospheric

pressure (P.t,), It was assumed that the flow continued to

U expand to Patm after exiting the nozzle and thus Patm/Po was

3 used to estimate the flow Mach number at the cavity.

&nother estimate was obtained from the measured mass

flow rate incorporating boundary layer grovth In the nozzle.

Since the distance between the Plexiglas side panels was

I relatively small (5/16 inch), evall boundary layer growth on

3 the Plexiglas could significantly reduce the nozzle exit

area and thus affect Mach number computation. Therefore a

3laminar boundary layer was assumed in the nozzle and its

height was calculated by (15:25):

I
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6 = 5 (6)

U A sample printout showing the different calculated values of

Mach number and the resulting resonant frequencies for the

first three modes is shown in Table 4-11I. As shown, each

of these resonant frequencies (first three modes) were

compared (percent difference or error) with the actual

frequencies for the first three modes indicated on the plot

5 of SPL versus frequency for that particular run.

I
I
I
I
U
I
I
I
I

I 4•
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Table 4-II1. Sample Resonant Mode Frequency Summary

1 REi"s ot'Ji=•i~-i 'JTl••

F=REQUE:NCY SUMIMARY

I LI I l I UEO2 1I E3

M1 MAI L =FERJ i TM WDAALW 78I XVI I EDOW- I W= WU I ElM

i410 1l 21911 M 60 1 OB1N COIT111 11ll 1 1.] 7912 -1.71 S -1.IMI l 1 9.6JgI I ITE PIC FLW P/Pol 1.571 2162 1.31 X46 -13.23 7929 -173
I IIISOOPIC FLEW /Po 1. 1I2169 1.601 -13.41 7951 -17.5

I I I IW J9TOR•WCH 1 1.41 I2M 5.61 4841 -. 51 7W -13.8
I I I I I I I IU 61 21911 43971 6574I DfBISE 3DITM 11.711 MO -1.81 3M -13.51 178 -1•6.
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.I _. Results and Discussion

"3 Two methods were evaluated for their effectiveness in

reducing the amplitude of pressure oscillations invoked by

high speed flow (M = 0.62 to 1.53) over an open cavity. The

two suppression methods, which incorporated manipulation of

the shear layer over the cavity, are; a pulsed and static

fence (Figure 3-3), secondary flow injection 45 degree

(Figure 3-5) and parallel (Figure 3-6) to the external flow.

Before presenting specific results, a discussion on

i Sound Pressure Level (SPL) units, decibel (dB), is essential

to familiarize the reader with relative magnitude of a

particular amplitude. As discussed in Chapter IV, dynamic

sound pressure (psi rms) is related to SPL (dB) by:

Sound Pressure Level (SPL) = 20 logi Prms dB (3)
Pref

"where Pref = 2.9 x 10-9 psi rms is the statistical

"threshold of hearing" fox the human ear. For comparison

purposes, Table 5-I relates some commonly experienced sound

pressures and their resulting SPL. As shown, an increase

(or decrease) in SPL by 20 dB increases (or decreases) sound

3 pressure (psi rms) by a factor of 10. A table of these

relationships, for use during amplitude comparisons, are

Sprovided in Table 5-11. In addition a conversion table

(SPL, dB, to sound pressure, psi rms) is provided in Table

5-1



Table 5-I. Commonly Experienced Sound Pressures

Sound SoundCommon Pressure PressureExperience (psi rms) Level (dB)

Threshold of Hearing 2.9 x 10-9 0

Electric Clock 2.9 x 10-8 20

Inside a Library 2.9 x 10-7 40

SConversation, 3 ft 2.9 x 10 6  60

Inside an Office 2.9 x 10-5 80

Lathe at 5 ft 2.9 x 10-4 100

3 Threshold of Pain 2.9 x i0-3 120

Jet Engine at 50 ft 2.9 x 10-2 140

•n I

3 1Table 5-1I. Pressure (psi) Multiplication Factors
Corresponding to changes in Sound
Pressure Level (dOB)

Delta SPL (dB) Resulting Multiplication
Increase (or division) FactorS(or decrease) For psi rms

3 1.4
6 2.0

- ° EL1 0 3 .0
15 5.620 10.0

25 17.8
30 30.0

--I
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Table 5-III. SPL Conversion Table

Sound Pressure Sound Pressure3 Level (dB) (psi rms)

120.0 0.0029
125.0 0.0052
130.0 0.0092
135.0 0.0163
140.0 0.0290
145.0 0.0516
150.0 0.0917
155.0 0.1631
160.0 0.2900
165.0 0.5157
170.0 0.9171
175.0 1.6308
180.0 2.9000

Cavity Effect on Free-Stream Flow

Prior to evaluating a specific suppression device, the

supply pressure to attain a desired flow condition was

required. Besides using nozzle exit pressure ratio, Mach

angle (measured off a schlieren photograph) was used to

determine flow Mach number. However, the cavity often

invoked very unsteady behavior in the external flow due to

the pressure oscillations within. This made determination

of the Mach number, using the Mich angle, for a given supply

3 pressure extremely difficult. To illustrate this point,

Figures 5-1 and 5-2 show two schlieren photographs of the

I flow field, at identical supply pressures (M = 1.35 nozzle),

with and without the cavity. As the photograph with the

cavity shows, several shocks are present and some are

3 somewhat curved, whereas in the photograph without the

5
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I
I
I
I
I

'I
3 Figure 5-1. Photograph of Flow With Cavity, M = 1.35

I
I
I
I
I
I
I
3 Figure 5-2. Photograph of Flow Without Cavity, M 1.35

I
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U
cavity the shocks are all uniformly straight and parallel.

Furthermore, due to the unsteady behavior with the cavity,

different photographs, at identical supply pressures, often

showed significantly varied flow Mach angle at the cavity.

. This was attributed to the oscillation of the shear layer

3 above the cavity discussed in Chapter II. Consequently, the

Mach angle from schlieren photographs without the cavity

3 mwere primarily used to determine flow Mach number. The

relation between nozzle design Mach number and measured Mach

* number along with the calculated Reynolds number is

presented in Table 5-IV.

A representative subset of the data collected for the

3 lfence, 45 degree flow injection, and parallel flow injection

configurations is contained in Appendices A, B, and C

I mrespectively. Due to the large quantity of data, only data

-m from cavity position one (considered representative of the

cavity) is provided. In addition, selected schlieren

3 photographs are also included.

3- Resonant Freauency Prediction

The modified Rossiter equation for non-dimensional

-I Strouhal number (Se) was used to predict resonant frequen-

cies within the cavity due to the external flow conditions.

As Shown in Table 5-V, the predicted values when compared

3 with the actual mode frequencies measured in the cavity

varied from 1.3 to 21 percent. This variation is reasonable

5
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Table 5-IV. Experimental Mach and Reynolds Numbers

3 Nozzle Mach Numbers Cavity Mach Numbers

Pexit Mass Patm
- Flow Schlieren - Reynolds

Design PO Rate Mach Angle PO Number

0.60 0.58 0.63 N/A 0.58 9.57 x 1o0

0.75 0.73 0.80 N/A 0.74 1.25 x 106

0.90 0.87 0.93 N/A 0.89 1.59 x 106

1.10 1.03 1.07 1.03 1.07 2.92 x 106

1.35 1.23 1.31 1.28 1.26 4.51 x 106

1.70 1.56 1.53 1.50 1.58 7.75 x 10 6

Table 5-V. Resonant Frequency Comparison

First Mode Second Mode

Actual Frequency Frequency
Mach Actual Calc. Error Actual Calc. Error

No. (Hz) (Hz) (%) (Hz) (Hz) (%)

0.62 1600 1311 18.1 3400 3060 10.0
0.73 1700 1449 14.8 4100 3380 21.0
0.90 2000 1709 14.6 4200 3988 5.01 1.07 2177 1809 20.3 4500 4221 6.6
1.28 2147 1949 10.2 4309 4547 -5.2
1.56 2191 2163 1.3 4382 5048 -13.2

I

since Heller, et al estimate the error to be ± 10 percent

for cavities with L/D t 4 and greater for cavities with

L/D < 4 (1;96).
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Pulsating Fence Suppression Techniaue

The fence was deflected, transversely into the main

5 flow, with an amplitude of 0.10 inch over a frequency range

from zero to 120 Hz. Higher frequencies, 140 to 220 Hz,

were also tested but, the fence deflection assembly became

-Idamaged due to excessive cyclic loading. Also, the data

obtained at the single Mach number where these higher

3 frequencies were attempted, showed no significant change in

the peak amplitude 16vels. Therefore the pulsed fence

evaluation was limited to 120 Hz. The data used to generate

5 Ithe graphs to be discussed next appears in Appendix A.

The suppression effectiveness of pulsing the fence at

- frequencies from 20 to 120 Hz was poor except at M = 1.53

flow condition. As Figure 5-3 shows, the effect of

increasing the fence pulse irequency had no appreciable

.Heffect on the first mode Sound Pressure Level (SPL) for Mach

numbers ranging from M = 0.62 to 1.28. Whereas at M = 1.53

i a decrease of 22 dB (176 to 154 dB) occurred over the range

of zero to 80 Hz. However, as a plot of the second mode

shown in Figure 5-4 indicates, the SPL increased 9 dB (161

to 170 dB) over the range from zero to 120 for M = 1.53,

while all other Mach numbers except H = 0.90 remained

I relatively constant. For M = 0.90 the amplitude of the

second mode increased 11 db (149 to 160 dB) while the first

mode decreased 14 dB (160 to 146 dB) from zero to 20 Hz and

5
I
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- •both modes remained at a relatively constant level from 20

to 120 Hz.

SI The purpose of pulsing the fence was to try to force

3 the shear layer at a frequency different from the

cavity/flow resonant frequency. The pulsing did force the

-- shear layer since the frequency of the pulse was clearly

evident in the SPL spectrum plots. However, it invoked

I pressure oscillations that were of the same magnitude and

3 Isometimes higher than the oscillations it was to suppress.

Figure 5-5 shows an SPL versus frequency plot for the H =

3 I1.53 flow condition with no fence. Figure 5-6 shows the SPL

spectrum for the same conditions but with the fence being

I pulsed at 80 Hz. Comparing these two figures, the first

mode was significantly reduced while the second mode

increased slightly. Also shown in Figure 5-6 is the

3 Ipressure oscillation (80 Hz) invoked by the pulsating fence

which is larger than any other peak amplitude in the

I= spectrum. Since the pulse hmplitude of the fence was fixed,

3 Ithe effect of lower amplitudes was not investigated.

However, runs to evaluate the effect of varying height of a

3 mstatic fence on suppression of pressure oscillations in the

cavity were accomplished.

Static Variable Height Fence

-I Since the amplitude used in the pulsed fence evaluation

generated such large pressure oscillations in the cavity,

the relation between fence height and cavity response was

SIII
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S I evaluated. This test utilized the same fence used in

3 the pulse test, but it was modified so that the fence height

could be set manually. Fence heights of 1/64, 3/64, 5/64,

3 and 7/64 inch were tested at Mach numbers ranging from 0.63

to 1.53.

tI5The results from this evaluation are summarized in

Figures 5-7 and 5-8 which contain plots of SPL versus fence

height, at various Mach numbers, for the first and second

3 modes respectively. The fence height is plotted as a

percentage of the boundary layer thickness. Since the

lowest Reynolds number for this test is higher than the

3 1critical Reynolds number for transition from a laminar to a

turbulent boundary layer, the boundary layer thickness

I equation for turbulent flow was used (15:38):

6 = 0.37 1 [ U.1 (7)I
As shown in Figure 5-7, the fence was relatively

ineffective in suppressing the first mode at M - 1.07 and

3 all three subsonic flow conditions. This result Is

consistent with those observed by Kainquist (12:29) who

Sevaluated several fences at fixed heights. At M - 1.28

however, a 30 dB decrease (173 to 143 dB) in SPL for the

first mode occurred in a fence height range from 67 to 156

3 Ipercent of the boundary layer thickness. At M = 1.53, a 34

dB decrease (178 to 144 dB) in SPL for the first mode

I
I 5-U.



SPL Vs FENCE HEIGHT
1801 SECOND MODE

S• ,-,,170 -

* 10.S150-

UEEIIES M - 0.7 O E M - 1.28h&Me M - 0.90 •M - 1.53120:t ... "".... "' Y c".... tY ,

*1u

FENCE HUICHT (S B.L. THICKNESS)

Figur~e 5-7. First Hode SPL Vs Fence Height;

iqo ~SPIL Vs FENCE HIH

lqO.• ,• FIRST MOD•EIT

170

4 CL

0 130
U'. 0.82 U 1.07

Goo IIA -- 0.7•• - 1.28

•a'P lIII I l•.NCE HUGU"T (m BI.L. TH!CKNE.•S)

Figure 5-8. Sicond mode SPL VS Fence Height

3 5-12



. •occurred in a fence height range from 22 to 111 percent of

the boundary layer thickness. The second mode, Figure 5-8,

was relatively unaffected by the fence at all heights tested

and at all Mach numbers except H = 0.90 where increasing

fence height resulted in 19 dB gain (149 to 163 dB) in SPL.

mI This gain was probably due to the flow accelerating as it

passed over the fence (i.e. the fence acted like a

converging/diverging nozzle). This is supported since these

3 mhigher second mode SPL amplitudes are in the same range as

those for the supersonic flow conditions.

I To illustrate the effect of Mach number (for the data

used in Figures 5-7 and 5-8), Figures 5-9 and 5-10 show the

SPL for the first and second modes respectively plotted as a

3 function of Mach number for varying fence heights. As

Figure 5-9 illustrates for the first mode, the fence was

I moderately effective (13 to 7 dB decrease in SPL) at all

m fence heights in the subsonic range an1 significantly

effective (up to 32 db decrease in SPL) at fence heights of

1 5/64 inch and greater in the supersonic range. However, the

second mode as shown in Figure 5-10 was not as significantly

m affected by fence height. In fact, at a given flow

condition the affect on SPL due to increasing fence height

is not as orderly as that found for the first mode (i.e. for

m the first mode at M = 1.28, increasing fence height resulted

in a decreasing trend for SPL, but for the second mode the

m trend for decreasing SPL correlated with fence heights of

5-13
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55/64, 1/64, 0, 7/64, and 3/64 inch in that order). Because

of the relatively small spacing of data points, this could

be due. at least in part, to normal variation in the data.

The data obtained with static fence heights of zero and

I m7/54 inch compare well with the results obtained by

Mainquist (12:44-47) for the first and second modes. In

addition, the SPL amplitudes and overall trends for the

baseline cavity (L/D = 2) for M = 0.62 to 1.53 is consistent

with those obtained by Heller and Bliss (8:105-106).

Steady Flow Injection

m The method used to pulse secondary flow injection

resulted in substantial pulse amplitude decrease at high

frequencies. As the pulsating amplitude decreased due to a

frequency increase, the average pressure at the flow

injection nozzle entrance increased resulting in near steady

I flow injection conditions. To evaluate the suppression

effectiveness of steady flow injection, rune were conducted

with two flow injection nozzles (45 degree and parallel to

gi the external flov) at M - 1.28 for increasing secondary flow

supply pressure. In addition, SPL data was also taken with

I steady parallel flow injection and no external flow to

determine the pre3sure oscillations in the cavity solely due

to flow injection.

�15 Degree Flo'jn-.•Jgtn. This suppression technique

was more effective overall than the parallel flow injection

-method. For the 45 degree flow injection angle, shown in

5-15



Figure 5-11, a 10 db decrease (176 to 166 dB) in SPL for the

first mode occurred over a range of mass flow rate per unit

cavity widths from 0.0 to 1.0 ibm/sec/ft. However, from 1.0

to 1.25 ibm/sec/ft flow injection rate the SPL increased by

2 dB (156 to 168 dB). For the second mode, also shown in

3 Figure 5-11, the trend was nearly the same with a 9 dB

decrease (163 to 154 dB) in SPL from 0.0 to 0.9 ibm/sec/ft

flow injection rate. Above 0.9 ibm/sec/ft injection rate

3 the SPL increased 4 dB (154 to 158 dB) at nearly a constant

rate to 1.25 ibm/sec/ft flow injection.

Parallel Flow Injection. This suppression technique

was the least effective of all the methods evaluated. As

shown in Figure 5-12, the first mode was suppressed only 5

dB (174 to 169 dB) over a range of flow injection rates, per

unit width, fiom 0.0 to 1.45 Ibm/sec/ft. The second mode

I SPL increased 4 dB (162 to 166 dB) with 0.35 ibm/sec/ft

injection rate, then decreased 8 dB (166 to 158 dB) from

0.35 to 0.75 ibm/sec/ft injection rate, and remained

3 relatively constant from 0.75 to 1.45 ibm/sec/ft injection

rate.

i Parallel Flow Injection.. No External Flow. The purpose

of this evaluation was to determine the SPL In the cavity as

a result of the flow injection. Unexpectedly, the flow

injection alone was able to create dksturbances in the

cavity as great and similar to that due to the external

I flow. Figure 5-13 contains a graph of SPL versus

I
5-16

I



180 SPL Vs MASS FLOW RATE/UNIT WIDTH
45 DEGREE FLOW INJECTION

S• 170-

165:

o155o

Uz
ID

I 45

* MODE I
140L MODE 2

0.00 0.25 0.75 ,.00 1.25 1
MASS pLOW RATE PER UNIT WIDTH (LBM/SEC/FT)

Figure 5-11. SPL Vs Mass Flow Rate Per Unit Cavity Width
For 45 Degree Flow Injection Angle

1SPL Vs MASS FLOW RATE/UNIT WIDTH3 PARALLEL FLOW INJECTION

175-

~160

z

145,
*.**"MODE I3 GI080M MODE 2

0.~1 FLOW RA;UNTioT~17
MASS FLOW RME PER UNIT WIDTH (LBM/SEC/FT)

Figure 5-12. SPL Vs Mass Flow Rate Per Unit Cavity Width

For Parallel Flow Injection Angle

5
£ 5-17



oscillation frequency in the cavity due to a 1.27 ibm/sec/ft

flow injection rate with no external flow. For a

l comparison, Figure 5-14 contains a graph of the SPL versus

oscillation frequency for M = 1.28 external flow condition

I and no secondary flow injection. In addition, a schlieren

3 photograph of the resulting flow is provided in Figure 5-15.

To illustrate the effect of flow injection rate on

cavity response, Figure 5-16 contains a plot of the SPL

amplitude for the first two modes versus flow injection rate

I with no external flow. As shown, there is a substantial

increase in the SPL with an increase in flow injection rate.

This could explain why flow injection parallel to the

external flow did not significantly suppress large amplitude

cavity pressure oscillations.

Pulsed Flow Injection

i This suppression technique incorporated pulsed

secondary flow injection at an angle 45 degrees and parallel

to the free-stream ilow at the cavity leading edge.

3 However, due to design limitations, the amplitude of the

pulse dropped significantly with increasing pulse frequency

I while the average pressure offset at the injection nozzle

entrance increased. Thus a high frequency pulse responded

like a reduced pressure steady flow injection. Consequently

l only one Mach number (M = 1.28) was used to evaluate this

suppression technique.

I
I
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45 Degree Flow Injection. This suppression technique

demonstrated only moderate effectiveness. As shown in

Figure 5-17, the first mode SPL decreased 9 dB (177 to 168

dB) by pulsing a 50 psig supply pressure at 10 Hz. From 10

I to 50 Hz the SPL slowly increased (4 dB) and then leveled

I off from 50 to 80 Hz. The second mod-e, :igure 5-18, also

decreased 9 dB (164 to 155 dB) by pulsing a 50 psig supply

pressure at 10 Hz, but remained constant at that level for

higher frequencies.

I Parallel Flow Injection. Flow injection pulses

parallel to the free-stream direction (50 psig valve supply

pressure) was less effective than the corresponding 45

3 degree flow injection pulses. As shown in Figure 5-19, the

first mode remained relatively constant with increasing

pulse frequency. The second mode decreased 7 dB (164 to 157

dB) with a 10 Hz pulse, but then increased 5 dB (157 to 162

dB) from 10 to 40 Hz, From 40 to 60 Hz it decreased 4 dB

£ (162 to 158 dW).

5
I
I
I
I
I
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YL. Conclusions and Regommendations

The purpose of this experiment was to determine the

I effectiveness of suppressing pressure oscillations in a

cavity through manipulation of the shear layer. The cavity

tested was a small-scale, two-dimensional cavity with a

length to depth ratio of two.

The pulsating fence was effective in suppressing

I pressure oscillations, but only at two of the six Mach

numbers tested (0.90 and 1.53). The pulse frequencies

evaluated ranged from 20 to 120 Hz. Higher frequencies were

not tested due to a design limitation of the pulsing

mechanism. For the frequencies tested, the level of

suppression provided by a pulsating fence was less than that

attainable with a static fence of the same height. However,

the fence was able to invoke disturbances in the cavity as

great as those caused by external flow resonance. Thus

higher pulse frequencies with a smaller amplitude may be

I effective in suppressing cavity pressure oscillations.

3 The static fence was the most effective suppression

technique evaluated. However, it was only significantly

3 effective in suppressing the first mode for fence heights

greater than 75 percent of the boundary layer thickness, and

only at two of the six Mach numbers tested (M = 1.28 and

1.53). The second mode was relatively unaffected by the

I
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fence at all heights tested (zero to 200 percent of the

boundary layer thickness) and all Mach numbers except H =

0.90 where the SPL was significantly increased for

increasing fence height.

l The pulsating secondary flow injection suppression

3 technique was only minimally effective in suppressing cavity

pressure oscillations for both injection angles evaluated

S(parallel and 45 degrees to the external flow). However,

the amplitude of the pulse decreased for increasing pulse

I frequency resulting in near steady, reduced pressure flow

fl injection. Therefore low frequencies (10 to 80 Hz) were

somewhat qualitatively evaluated. In any case, pulsating

the flow at ati angle 45 degrees to the external flow

suppressed cavity pressure oscillations better than

injection parallel to the flow. This was probably due to

5 the shear layer becoming more turbulent as a result of the

45 degree flow injection angle and thus invoked lower

3 amplitude pressure oscillatione in the cavity (2:5).

Steady flow injection at 45 degrees to the external

flow was more effective than steady parallel flow injection

for the same mass flow rate. Although the magnitude of the

suppression from steady flow injection was slightly greater

3 than that from pulsating flow, it was still significantly

less than the levels achievable with a static fence.

Steady parallel flow injection at the cavity leading

3 edge, with no external flow, can invoke pressure oscilla-

I
6-2

U



tions in the cavity of the same order of magnitude and

similar spectrum shape as observed for extarnal flow only.

Thus it was concluded that parallel flow injection alone can

cause cavity resonance.

SThe test section assembly used in this evaluatiot

worked well overall. However, due to the sall cavity

length, the resonant frequencies were relatively high with

respect to the frequencies achievable with the mechanical

pulsing mechanisms used. Consequently, dynamic testing

I (pulsating fence and flow injection) at or near the resonant

frequencies was unachievable.

Recommendations

In the early stages of this investigation, the scope of

this investigation, although ambitious, seemed doable. The

parameters used to determine the scope were; frequency,

amplitude, mass flow rate, Mach number, injection angle, and

L/D. Host of these were evaluated, at least partially, but

because of the large number of runs required, some were not.

3 In addition, as data were taken and processed, many

Interesting phenomena occurred requiring additional and

3 sometimes different runs and configurations. Soae of these

phenomena were partially evaluated and others unfortunately

were not. Consequently many recommendations for further

investigation can be made.

Probably the Oost Important recomsendation as a result

3 of this experiment is the evaluation of the suppression
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3 methods (pulsating fence and pulsating flow injection) at

higher freqaencies relative to the cavity resonant

frequencies. For the type of fence mechanism used in this

experiment, higher frequencies may be unattainable due to

large cyclic loadings. Thus a new approach to manipulate

3 the shear layer might have to be used. Two recommended

methods to consider include a vibrating ribbon or high

m frequency vibrator.

3 Since the pulsating fence invoked Its own large

amplitude pressure oscillations in the cavity, recommend

l further investigation on the effect due to fence deflection

amplitude. A related parameter that should also be

evaluated is the location of the pulsating fence vith

3 respect to the cavity leading edge. Perhaps moving the

fence mechanism further upstream of the cavity, vhere the

l boundary layer is much smaller, might allov significantly

lover fence deflection amplitudes and thus •duce the cyclic

loading on the fence mechanism allowing higher frequencies

m to be evaluated.

Achieving higher frequency flow injection pulses with

m the current design is probably not feasible. Recommend a

new design be used that puts the pulsing mechanism at the

Injection nozzle exit. This should alleviate most of the

m problem of amplitude decrease due to frequency increase.

Consequently, much higher amplitudes could be evaluated.

3 Recommend different flow injection angles be evaluated,

I
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I especially perpendicular to the flow. Also, evaluate the

position of the injection pulse relative to the cavity. As

UI w!th the fence, perhaps moving the injection pulse upstream

3 of tLh cavity would require significantl,, lower pulse

amplitudes and mass flow rates for effective pressure

I I oscillation suppression.

Since time permitted testinq for only one cavity length

to depth ratio (L/D = 2), recommend different values (L/D >

S32) be investigated regardless 02 the suppression tecnnique

used. Also, larger length to depth ratios will reduce the

I Icavity resonant frequencies thus enabling active-type

I ppression techniques to be evaluated at lower frequencies.

I

i'
!,
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I Appendix A: Pulsating and Static Fence Data

3 Description of Contents

This appendix contains the Sound Pressure Level (SPL)

i versus frequency data obtained from the pulsating and static

fence evaluations. Although not a complete set of all the

data obtained, it does contain all the data (cavity position

one only) used to generate the graphs presented in the body

of the thesis as well as some selected schlieren photographs

I considered representative of the flow conditions tested.

Due to the large quantity of data only plots for cavity

position one are included. Cavity position one was selected

because the SPL amplitudes for this position were

consistently between those for cavity position 2, which was

i usually the lowest, and cavity position 3, which was usually

the highest. In addition, the spectrum shape for cavity

positions 1 and 3 were very similar and thus considered

representative of the cavity.

I
I
I
I
I
I
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MACH - 0.60 NOZZLE. AVG DATA MACH - 0.60 N(OZZLE, AVG-2-SIOMA
CONFIG: M0-608. 4 SAMIPLES CONFIG. MO-608. 4 SAMPL.ES
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S140 140
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.... " "20b ..... : ..... i• ....." ..... " 1 2000 4000 w oo WOO 1
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MACH - 0.75 NOZZLE. AVG DATA MACH - 0.75 NOZZLE, AVG-2.$1GMA
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!4

tj 150 .15
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1050

MAC.V0IOZZE AV DAA- HZ4 2000 000 6000 8000 0000 0 2000 4000 6000 8000
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I "120 20.

100 -'00 _ _ _

22000 4 6000 6000 O'0
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I IFigure A-I.. Baseline Data Sets: Average Data and
1 - - 2 I Data Respectively, For

0--1 H- BANDWIDT o 0.76 (Mid), 0.90 (Bot)
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MACH - 1.10 NOZZLE. AVG DATA MACH - 1.10 NOZZLE. AVG-26SIGMA
CONFIG: MI-lOB, 8 SAMPLES CONFIG- MI-10B, 8 SAMPLES

1807 CAVITY POSITION 1 150 CAVITY POSITION 1

10-09-1989 (15 Hz BANDWIDTH) 10-09-1989 (15 Hz BANDWIDTH)

170 170
11$0,
150507

I AVERAGE LEVEL - 133 dB AVERAGE L .L - 122 d8
20 '' 2000 4000 000 00 '..00 0 2000 000 6000 a0000
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160

ii 1'40 4
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0 20(10 4000 600 . .1 8.:

i MACH - 1.70 NOZZLE, AVG DATA MACH , 1.70 NOZZLE, AVG-2,SIGMA
CONnIG: M1-70EI, 7 S4JMPLES CONFIG: MI-70g, 7 SAMPLES

180, CAVITY POSITION I 180- CAVITY POSITION 1
0-06-1|89 (15 HN BaMODWI0TH) 10-06-1980 (15 Hz BANDWIDTH)3170 1707

150O 150ý

1 40 ~140ý

* ~i20iQJ

110 
110to

AVE• GE LEVEL 139 d8 
LVERA GE .EVEL - 128 dO

i ,.... .... 20..... ibo• 66 o 10 .. 2000i " oýo 4 000 10o
FlM(UOEC'Y (Hz) FRE•UIENCY (Hz)

Figure A-2. Baseline Data Sets: Average Data and
Average - 2 a Data Respectively, For
H = 1.07 (Top), 1.28 (Mid), 1.53 (Bot)
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UACH - .6 V4OZZLE MACH = .6 NOZZLE
RUN 1128 (15 Hz BANDWIDTH) RUN 1138 (15 Hz BANDWIDTH)

1S0 CAVITY POSITION 1 CAVITY POSITION t

10-13-1g89 I-31aU170- 170-
!I 160 '-160ý

ISO. 150

12 000 1 20

100.0
FKQ•UENCY (Hz) ACOE0UNCY (140

I L/,~~~ ~~ACH - .6'NOZZLE LkH= 6NZL

S14158(5 HZ BANDWIDTH)RUN 1140 (15 HZ BANDWIDTH) 180- CAVITY POSTION II 7CAVITY POSITIONO 1,-I8 10-13-1t949

3170ý '70,

-160.1I ISO 1"0

140 140-

130 io12

20,

o100. 00...........

200 4000 600 8000ENC I(ms) 80 00
FK0UCNCY (1*)

MACH - 6 NOZZLE MACH - .0 NOZZLE

RUN 1168 (15 Hz BANDWIDTH) NUN 1178 (15 Hz BANDWIDTH)
180 CAVITY POSITION 1 150 CAVITY POSITION AtO-1.3-Igag 1 0-13-1889

170. 170.

'--16- -1.60.

15 ISO-

1 ~40 54

20$ 120

0 2000 4000 0 So0 10&00 2000 000 6000 8000 10000
rKQUENCY (Hz) FREGUCKN¢ (HI)

Figure A-3. Pulsating Fence SPL Vs Frequency Data,
M = 0.62 20 and 30 Hz (Top),
40 and 60 Hz (Mid), 80 and 100 Hz (Bot)
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MACH - .75 NOZZLE MACH - 75 NOZZLE
IPORUN 21 (15 Hz BANDWIDTH) RUN 1228 (15 HZ BANDWIDTH),flo CAVITY' POSITON I'IS0 CAVITY POSITION I10-14-1g8g 10-14-198g

¶70. 170

I ' kb U

I AH, 75NZL UC 5NOZZLE

RUN 1239 (15 HZ BANDWIDTH) RN14 5H BANDWIDTH)180CAVITY POSITION / AV0O I

¶0

' 20- 120

! :I0I ~

110. 1101100 '00

2000 4000 6000 8000 0 2000 4000 6000 8000 '0 00

F10QUEHCY (H,) 'ROQUCUCY •HI)I MACH - 75 NOZZLE UACH - 75 NOZZLE

RUN 1253 (15 Hz BANDWIDTH) RUN 1268 (15 Hz OBANDWIDTN)
¶80 CAVITY POSITION I '80 CAVITY POSITION I

110-14-iggg 10-14-1980

170- 170'

1620 130I 150 '50

140 51'0. ii

I2000 0 0000 6000 80'00 7000

S2000 4000 6000 8000 ¶0 0q 20 400 4000~ 8000 "• ' odo
FREOUENCY (Hz) t"ZOUENCr t0?)

Figure A-4. Pulsating Fence SPL Vs Frequency Data,
R 1 0.76 20 and 30 Hz (Top),
40 and 60 Hz (Kid), 80 and 100 Hz (Bot)
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I.MACH - .9 NOZZLE
RUN 1429 (15 HZ BANOWIOmT) ACH . NOZZLE

10- CAVW1Y POSITION I RUN 14.8 (15 HZ 8ANlOWIOTH)
1-59o8 CAVITY POSITION 1

1700 1

:180

1112012
I._o_

.;o0 0 io0C 8000 .00... 100......
FREQUENCY (HO) 2000 4000 6000 66,, 0)

FREQUENCY (Ht)

MACH - .9 NOZZLE MACH - .9 NOZZLE
RUN 1448 (15 Hz BANCWIOTH) RUN 1458 (15 HI BANOWIDTH)
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Id i : 0 I SO
% 140, 0140 I

_* 11230 10

1 21200

_|to. I
200 0 100
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-46 160 4
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l.40 140

1120110111

0t0 2'6 0 Z 000 o 1000 2000 4000 6000 760 60000
FACrOuEHiv (HA) FREQUENCY (Hz)

Figure A-5. Pulsating Pence SPL Vs Frequency Data,
H = 0.90 20 and 30 Hz (Top),
40 and 60 Hz (Mid), 80 and 100 Hz (Bot)
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UACH - 1.I NOZZLE MACH - I I NOZZLE
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MACH - I I NOZZLE MACH - I I NOZZLE

RUN 0798 (15 Ht RANOWICTH) RUN 0080 (15 Hj 9A-NOWI01H)
180 CAVITY POSITION IiO-09-1289 10-0g-1g9g

170 170

-l0 00 0(0 e I..10 00 40 600 80 0

S150

i150

FRCQU{Ncy (NO} rnfaQuCC, (HAI)
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i!o. 17

Is4i0 14'0

I130

100 1 200, 0

2000 '000 6000 80%) 10000 AN,) 000 ODO 1000
MrIQUENCt (Ht) ( .1) 0 60 0

.. .•._-_.. . ...- _:. .. ,... . ... ... :. ...Figure A-6. Pulsating Fence SPL Vs Frequency Data,
H =1.07 20 and 30 Hz (Top),
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MACH = 1.35 NOZZLE IArt - 1 '5 NOZZLE
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mFigure A-7. Pulsating Fence SPL Vs Frequency Data,
M = 1.28 20 and 30 Hz (Top),

40 and 60 Hz (Hid), 80 and 100 Hz (Bot)
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MACH - .6 NOZZLE MACH - .6 NOZZLE
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1t30I 0130

120 o20
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6000 40 18 0 8 000 0 8000 1040(
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Figure A-9. Static Pence SPL Vs Frequency Data, K 0.62
Fence Height = 1/64 and 3/64 Inch (Top)
Fence Height - 5/64 and 7/64 Inch (Dot)
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MACH - .75 NOZZLE MACH = .75 NOZZLE
RUN 12gB (15 H? BANDWIOTH) RUN 13OB (15 HZ BANDWIOTH)

160 CAVITY POSITION I CAVITY POSITION I
10--14-19"I 10-14-1 982

1701 170-! ,

I
t'0

20 0 '2"3

to 004 00I0
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"1 -1 -1 f to-1o-I140

I ~1150

* 8 ~ eoo '~ ' ' 7.too

Figuze A-12. Static Fence SPL Vs Frequency Data, H - 0.76
Fence Height = 1/64 and 3/64 Inch (Top)
Fence Height - 5/64 and 7/64 Inch (Bot)
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Figure A-14. Schlieren P'hotograph, H 0.76
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MACH - .9 NOZZLE MACH - .9 NOZZLE
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1801 CAVITY POSMON 180 CAVIY POSmON I
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Figure A-17. Schlieren Pho~tograph, H 0.90
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MACH = 1.1 NOZZLE ACH - 1.1 NOZZLE
RUN 0718 (15 HZ BANOWIDTH) RUN 0728 15 NOZZL

180 CAVITY POSmON I i 072 (10-0-115 Hz BANDWIDTH)150-. CVITY PSITIONIVITYo POSITIONI

- -70 -1709

16 200 16060 60 0 00 40 00 80 0
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IFigure A-16. Static Fence SPL''Vs Frequency Data, M - 1.07
Fence Height 1/64 and 3/64 1ri,,-h (Top)
Fence Height = 5/64 and 7/64 Inch (Bot)
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I 0WMACH = 1 3' NOZZLE M.1CH = 1.3.. NOZZLE

RUN 029B %15 Hz Et-,NO ,W'10fH) •,RUN 0.106 o 5 Hz 8;,NbvI0 TH-
i RoN C.p,98'(5 POSITION I C,,,ITY POSllON-,I I

jf9- 29P-S1989 O1- 29-1989

160

vv140-

120

I 110 ± rrn mrr •,r

0 2000 40.."! 00o'Q 8O01ý C,,
FA UZ liy (Hti

RUN 038 (15 IHt 8ANOW01H) vUN V'! I9 5 ?Q •I•NOVOOTW

IFigure A-21. Static Fence SPL Vs Frequency Data, N -1.28
ence Height =1/64 and 3/64 Inch (Top)

i Pence Height = 5/64 and '7/64 Inch (Bot)
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Figure A-22. Schlieren Photograph, M = 1.28
Baseline, No Fence

Fec Height = 5/64 Inc
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MACH - 1.7 NOZZLE MACH 1 1 7 NOZZLE
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Figure A-24. Static Fence SPL Vs Frequency Data, M = 1.53
Fence Height = 1/64 and 3/64 Inch (Top)

Fence Height = 5/64 and 7/64 Inch (Bot)

A-20



I

Fiur A-5 Shirn Phtgah M .5

BaeienN ec

I

Figure A-25. Schlieren Photograph, M 1.533 Baseline, No Fence
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Figure A-26. Schileren Photographs H 1.53

I Fence Height = 5/64 Inch
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3 Appendix B: 45 Degree Flow Injection Data

Description of Contents

This appendix contains the Sound Pressure Level (SPL)

3 versus frequency data obtained from the pulsating and steady

flow injection evaluations. Although not a complete set of

3 all the data obtained, it does contain all the data (cavity

position one only) used to generate the graphs presented in

the body of the thesis as well as some selected schlieren

photographs considered representative of the flow conditions

tested. Due to the large quantity of data collected only

I plots for cavity position one are included. Cavity position

one was selected because the amplitudes for this position

were consistently between those for cavity position 2, which

I was usually the lowest, and cavity position 3, which was

usually the highest. In addition, the spectrum shape for

l cavity positions 1 and 3 were very similar and thus

considered representative of the cavity.

I
I
I
I
I
I

8-I



IIIO
MACSH - 1 3.5 NO-.'E. I'.; ONTA .- , il i:'E . -. lu

C O N FIr G M, 1- 3.L a 14 S ;J P L E S ' C ,)IlrlG r, 3 . 14 5 LU P L E S
111(•,C i.i t , =C -S ITIO:N I C 3.1~tf P CS Ot~ IO

1601

I ISO

Ito

0 2"100 I"7.'}, 0:0 JO n;,.9' ' " *

Figjure B-1. Baseline Data Set: Averagje Data and
IgAverage -2 cr Data For Mt 1.28

I
I

Figure B-2. Schlieren Photograph, = 1.26
Baseline, No Flow Injection
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Figure B-5. Schlieren Photograph, M = 1.28
45 Degree Flow Injection (40 Hz)

I

I Figure B-6. Schlieren Photograph, M =1.28
Steady Flow Injection (0.86 Ibm/sec/ft)
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i Appendix C: Parallel k'low Inta Daa

Description of Contents

This appendix contains the Sound Pressure Level (SPL)

3 versus frequency data obtained fa.om the pulsating and steady

parallel flow injection evaluations. Although not a

complete set of all the data obtained, it does contain all

the data (cavity position one only) used to generate the

graphs presented in the body of the thesis as well as some

selected schlleren photographs considered representative of

the flow cunditions tested. Due to the large quantity of

3 data collected only plots for cavity position one are

included. Cavity position one was selected because the

amplitudes for this position were consistently between those

for czi iU povition 2, which was usually the lowest, and

cavity position 3, which was usually the highest. In

3 addition, the spectrum shape for cavity positions 1 and 3

were very similar and thus considered representative of the

I cavity.
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Figure C-5. Schlieren Photograph, N 1.28
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Figure C-6. Schlieren Photograph, H = 1.28
Steady Flow Injection (0.86 zbm/sec/ft)
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Large pressure oscillations are generated by high speed
tangential flow over an open cavity. The purpose of this
experimental study was to determine the effectiveness of
suppressing pressure oscillations by manipulating the shear layer
over a two-dimensional cavity with a length-to-depth ratio of
two. Two methods, a frequency controllable control surface
(fence) and pulsating secondary airflow at the cavity leading
edge, were used to manipulate the shear layer. The suppression
effectiveness of the fence utilized in both passive and active
modes (zero to 120 Hz) was evaluated at six airflow Mach numbers
(0.62, 0.76, 0.90, 1.07, 1.28, 1.53). The effectiveness of
pulsating secondary airflow was evaluated at one airflow Mach
number (1.28) and two flow injection angles (parallel and 45
degrees to the flow) at frequencies ranging from zero to 80 Hz.
The effect of steady'flow injection was also evaluated at mass
flow rates per unit width ranging from 0.323 to 1.27
(lbm/sec/ft).

Pressure recordings from within the cavity were made for
each test. A narrow band Fourier analysis of these recordings
produced plots of the sound pressure level amplitude versus
frequency. Schlieren photographs of the flow were also taken for
each test to observe the shear and determine the cavity Mach
number.

The effectiveness of a pulsating fence in suppressing the
peak mode pressure oscillations proved to be less than that
achievable with the fence static. However, due to mechanical
restrictions of the model design, the maximum frequency was
limited to only 120 Hz, an order of magnitude below cavity
resonant frequencies.

The pulsed secondary flow injection technique was most
effective when pulsed at a 45 degree angle to the external flow,
but less effective th3n that achievable with steady 45 degree
flow injection. However, the pulsed secondary flow suppression
method was not effectively evaluated since substantial decrease
in pulse amplitude occurred with small frequency increases.
Recommend additional testing be accomplished to evaluate the
effectiveness of both these methods at higher frequencies.
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